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ABSTRACT 
Compressed-wood polymer coniposite (CWPC) was prepared by in situ polymerization of vinyl 
monomers, styrene (ST), methylmethacrylate (MMA), and their combination (50:50, vlv) under hot- 
compression of treated sapwood of Japanese cedar (Cqptomeria japonica D. Don.) to a dry set of 50 
and 70% of original radial dimension. Boric acid (BA) was impregnated into wood at 1.00% aqueous 
solution concentration prior to monomer treatment. CWPC with and without BA-pretreatment was 
tested in terms of biological resistance and mechanical and thermal properties. 
Boric acid pretreatment imparted CWPC total resistance against decay test fungi 7jiromycespalustris 
and Corio1u.s versicolor, representing brown- and white-rot fungi, respectively. CWPC showed re- 
markable resistance against Formosan subterranean termite C'optotermes formnsanus, and BA-pretreat- 
ment contributed to a total inactivation of termite activity. Surface hardness of CWPC was superior 
to wood polymer composite (WPC) obtained at the same polymerization temperature and time by a 
conventional heat process in an oven without compression. Modulus of elasticity and rupture were 
also considerably improved with this newly introduced in situ polymerization process, suggesting the 
great potential of CWPC for exterior use. Thermal analysis revealed a reducing effect of boron on 
hcat release of CWPC during combustion. 
Ke?words: Wood-polymer composite, boric acid, biological resistance, mechanical properties, sur- 
face hardness. compressed wood, thermal resistance, vinyl monomers. 
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INTRODUCTION 
It is usually important for wood to be di- 
mensionally stable and resistant to biological 
deteriorating organisms under hazardous con- 
ditions. These properties are more essential for 
exterior applications than for indoor ones. 
Therefore, appropriate preservatives are im- 
pregnated into the wood, and treatments for 
reducing dimensional changes are applied. 
One important method for improving dimen- 
5ional stability under humid conditions is the 
forming of wood polymer composite (WPC) 
within the wood by bulking the cell wall with 
vinyl monomers (Fruno 1976), which also im- 
part desirable mechanical properties (Meyer 
1984). This method is considered one of the 
"nonbonded-nonleachable" bulking treat- 
ments aimed at excluding water from wood 
(Rowell and Banks 1985). 
In the homo-polymerization process, the 
polymer is located almost completely in the 
lumen; only minor amounts are polymerized 
in the cell wall. Loading the capillaries with 
polymer reduces the rate of water diffusion 
Into the cell walls. But given enough time at 
high humidity, water will eventually reach the 
cell walls and cause substantially the same 
volume of swelling as in untreated wood 
(Langwig et al. 1969). Consequently, WPC 
obtained by vinyl polymerization is very wa- 
ter-repellent; however, its dimensional stability 
is not constant but liable to change over time 
with continuous wetting (Meyer 198 1,  1984). 
Fruno (1991) reported that polymer in the cell 
lumen contributes little to the antiswelling ef- 
ficiency (ASE) of wood in comparison with 
polymer in the cell wall. 
In order to increase the ASE of WPC, a 
number of things have been tried, such as ad- 
dition of polar solvents to nonpolar monomer 
in an attempt to swell the cell-wall stnicture 
and fix it in a swollen state (Langwig et al. 
1969). Also tried has been monomer or poly- 
mer grafting with the reactive groups on wood 
components within the cell wall, separately or 
in combination with the nongrafted bulk poly- 
mers formed in the wood voids (Rowell et al. 
1982). However, after the solvent has evapo- 
rated, in the first case, the wood is only par- 
tially loaded. This, in turn, decreases the 
strength properties, and these properties of 
WPC obtained with the grafted-nongrafted 
polymer combination are roughly equivalent 
to those of untreated wood. Therefore, no pro- 
cess previously proposed has found broad ap- 
plication in the industry, most likely because 
of the high cost of monomer loading and also 
because of inefficient dimensional stabiliza- 
tion and inadequate biological and fire resis- 
tance. 
Since filling of the large lumen spaces in 
wood requires high loading of monomer, 
which is technically and economically imprac- 
tical, any treatment system by which wood ac- 
quires a similar level of water repellency and 
ASE but with a lesser amount of monomer 
loading will be more desirable. 
As an alternative to reducing monomer 
loading without affecting the ASE of WPC, 
sytrene (ST) and methylmethacrylate (MMA) 
were polymerized in situ during hot-compres- 
sion of wood in the radial direction to a target 
dimension (Yalinkilic et al. 1998a). The 
"compressed-wood polymer composite 
(CWPC)" is, in a way, similar to the *'Corn- 
preg" process developed earlier in the 1940s 
(Stamm and Seborg 1951), by which veneers 
are impregnated with a water-soluble phenol- 
formaldehyde resin and compressed under 
heating at 140 to 150°C. CWPC was devel- 
oped to achieve better access of the impreg- 
nated vinyl monomers into void spaces of the 
wood cell wall at a much lower polymer load 
and process temperature. This is aimed to im- 
part to WPC higher ASE and mechanical 
properties. As expected, CWPC exhibited total 
dimensional stability after submersion in tap 
water or boiling water or after ten cycles of 
accelerated artificial weathering. This was at- 
tributed to the polymerization of monomers in 
the cell wall rather than in the lumen, as 
shown by scanning electron microscopy 
(SEM) (Yalinkilic et al. 199th). 
On the other hand, it is known that WPC 
obtained by vinyl polymerization is suscepti- 
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ble to fungal attack, since vinyl monomers be- 
come nontoxic chemicals after polymerization 
(Imamura et al. 1998; Yalinkilic et al. 1997a, 
1998b; Lutomsky 1975; Ibach and Rowel1 
1995). Some of the resistance of WPC to fungi 
is attributed to the moisture exclusion effect 
of bulking, which reduces the water absorption 
of wood at high loading levels of monomer. 
Filling the voids in wood with bulk polymers 
containing bioactive materials grafted onto or 
copolymerized with carrier polymers, there- 
fore, has been suggested to inhibit biological 
attack (Rowel1 1983). In this case, controlled 
release of bioactive materials from the poly- 
mer matrix is of vital importance to the bio- 
logical resistance of WPC. In situ co-poly- 
merization of the organotin vinyl monomers 
was found to be an effective method of chem- 
ically fixing trialkyltin toxicant to wood com- 
ponents via polymers for long-term protection 
of wood against biodeterioration (Subramani- 
an et al. 1981a, b). Similarly, boric acid (BA) 
pretreatment of WPC obtained by ST and 
MMA improved the biological performance 
and boron immobility. However, applied 
monomer load was extremely high (Yalinkilic 
et al. 1998b). Cyclic weathering proved that 
BA-pretreated CWPC attained better irnrno- 
bility of boron than BA-pretreated WPC. Ef- 
ficient polymerization of the mononlers on the 
cell wall prevented water access into wood 
(Yalinkilic et al. 1998a). The present study, 
therefore, deals with the biological and ther- 
mal resistance and mechanical properties of 
CWPC with or without boron pretreatment 
with the aim of developing a technically fea- 
sible composite of superior quality. 
was used as a test boron compound and im- 
pregnated into wood at 1.00% aqueous solu- 
tion concentration (2.00% solution concentra- 
tion was used for thermal analysis specimens), 
and the wood was dried under ambient con- 
ditions for 3 weeks before monomer treatment. 
ST, MMA, and a mixture of the two (5050, 
V/V) were used as vinyl monomers and were 
purified of accompanying inhibitors through a 
cleaning procedure with 15% sodium hydrox- 
ide (NaOH) and dry calcium chloride (CaC1,) 
granules. Benzoyl peroxide or VAZO [a,c-wl- 
Azobis-isobutyronitrile{NC(CHH3),CN:NC 
(CH,),CN)] (No. 136-02, an efficient radical 
initiator at 60°C Nacalai Tesque, Inc., Kyoto, 
Japan) was used as a catalyst. Prior to intro- 
ducing a monomer solution containing both 
the catalyst and divinyl benzene as a crosslink- 
er, wood specimens were vacuumed for 30 
min to accelerate absorption. The soaking pe- 
riod was 30 rnin. Impregnated wood speci- 
mens were then wrapped in aluminum foil be- 
fore in situ polymerization under hot-com- 
pression at 60°C and 90°C catalyzed by VAZO 
or benzoyl peroxide, respectively, for 4 h. 
WPC specimens were prepared as control at 
the same levels of the parameters by heating 
in a conventional oven. All the necessary mea- 
surements of weight and size of the wood 
specimens were made before and after treat- 
ment. Twenty replicates were used for each 
treatment. 
Weight percent gain (WPG) (%,w/w) due to 
chemical load was calculated from the follow- 
ing equation 
WPG(%w/w) = [(W,, - WoI)TWo1] X 100 
(1) 
MATERIALS AND METHODS 
where W,, = oven-dried weight (g) of a wood 
Chemicals, impregnation processes, and specimen before impregnation, and W,, is the 
polymerization conditions final oven-dried weight of the treated block. - 
Wood specimens measuring 20 (tangential) In order to understand the effect of precom- 
X 20 (radial) X 10 (longitudinal) mm and 25 pression or postcompression on the mechani- 
(tangential) X 20 (radial) X 150 (longitudinal) cal properties of CWPC, one series of speci- 
mm were prepared for biological and mechan- mens was precompressed at 90°C to 50% of 
ical tests, respectively, from air-dried sapwood initial radial dimension prior to in situ poly- 
of Cryptomeriu juponica D. Don. Boric acid merization. 
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Weathering 
CWPC blocks for biological tests were ex- 
posed to 10 cycles of weathering. Weathering 
wa\ conducted according to JIS A 9201 
( 199 1) by immersing wood specimens in de- 
ionired water stirred with a magnetic stlrrer 
(400-500 rpm) at 25°C for 8 h, followed by 
drying at 60°C for 16 h. After each leaching 
period, water was added to a ratio of 10 vol- 
umes of water to 1 volume of wood. Ten rep- 
licates were used for each treatment type. 
Biological u.s.say 
Decay test.-A decay test was conducted to 
determine the performance under hazardous 
conditions of CWPC 50% compressed, and 
the contribution of BA to decay resistance of 
CWPC before and after weathering. A mono- 
culture decay test was conducted according to 
J1S A 9201 (1991) using a brown-rot fungus 
Tyrornyce.~ pa1ustri.s (Berk. Et Curt) Mum 
[FFPRI 0507: Fungal accession number of 
Forestry and Forest Products Research lnsti- 
lute, Tsukuba, Japan] and a white-rot fungus 
Corio1u.s versicolor (L. ex Fr.) Quel. [FFPRI 
10301. Test blocks were sterilized with gas- 
eous ethylene oxide after oven-dried weights 
were measured. Three specimens with the 
same treatment were placed in a glass jar that 
contained a medium of 250 g quartz sand + 
80 ml nutrient solution with fully grown fun- 
gal mycelia; they were then incubated at 26°C 
for 12 weeks. Nine replicates were tested for 
each decay fungus. The extent of the fungal 
attack was expressed as the percentage of 
mass loss. 
Terirrite lest.-Leached specimens of 50 
and 70% compressed CWPC and of WPC 
were exposed to subterranean termites in ac- 
cordance with Japanese Wood Preservation 
Association (JWPA) Standard No. 11-1 
(1992). A test wood block was placed ;it the 
center of the plaster bottom of a cylindrical 
test container (80 mm in diameter). One hun- 
dred and fifty undifferentiated workers of For- 
mosan subterranean termite Cnptoterine.~ fnr- 
nzosanus Shiraki and 15 soldiers were intro- 
duced into each test container. Two series of 
the four separate containers that contained 
only the polymer specimen made from an 
STfMMA mixture (50:50 v/v) in a mold, or 
without any specimens for starvation were 
also prepared for comparison. The assembled 
containers were set on dampened cotton pads 
to supply water to the blocks and were kept 
at 28°C and >80% RH in the dark for 3 
weeks. Termite mortality was determined reg- 
ularly, and mass loss of a test wood block due 
to termite attack was determined based on the 
differences in the initial and final dry weights 
of the block after the debris of the termite at- 
tack was cleaned off. Four replications were 
made for each treatment. 
Mechanical prc~perties 
Hardness test. -Specimens 10 (tangential) 
X 10 (radial) X 5 (longitudinal) cm in size 
were impregnated with the monomers as 
above. BA was applied only to the CWPC ob- 
tained with the ST+MMA combination. Nine 
specimens were used for each treatment group. 
Sets of three were subjected to ordinary po- 
lymerization at 90°C in an oven, and poly- 
merization at 60 and 90°C under compression 
to 50% of original radial dimension. Brine11 
hardness was determined according to Japa- 
nese Industrial Standard JIS Z 21 17 (1977). In 
this test, a 10-mm diameter steel ball was em- 
bedded into the tangential surface of the wood 
at a head speed of 0.5 mmlmin to a depth of 
0.32 mm. The test was replicated at 5 loca- 
tions (4 inner corner points and the center) on 
each specimen after the wood had been con- 
ditioned at 20°C and 60% RH for 6 weeks 
prior to testing. 
Static bending.-Specimens [5 (tangential) 
X 10 (radial) X 140 (longitudinal) mm] were 
cut from wood blocks [25 (tangential) X 20 
(radial) X 150 (longitudinal) mm] for pre- and 
postcompressed CWPC processes. The mod- 
ulus of elasticity (MOE) and modulus of rup- 
ture (MOR) were measured after the speci- 
mens had been conditioned at 20°C and 60% 
RH for 6 weeks. The span was 100 mm, and 
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the loading speed was 10 mmlmin. Eight spec- 
imens were tested for each treatment. The 
MOE and MOR were calculated from the 
load-deflection curves by the following equa- 
tions: 
MOE = (dP1-')/(4bh3dY) (2) 
MOR = (3P1)/(2bh2) (3) 
where P is maximum load, dP is load to pro- 
portional limit, 1 is span, b is width of spec- 
imen, h is thickness of specimen, and dY is 
deflection. The specific gravity of all speci- 
mens was calculated based on the the oven- 
dry weight and volume. 
Evaluations qf test results 
Decay, termite, and mechanical test results 
were evaluated by a computerized statistical 
program (STATGRAPHICS 1985-199 1) com- 
posed of analysis of variance and following 
Duncan tests at the 95% confidence level. Sta- 
tistical evaluations were made on homogeneity 
groups (HG), of which different letters reflect- 
ed statistical significance. 
Thermal properties 
Thermogravimetry (TG) and differential 
thermal analysis (DTA) tests were conducted 
in order to elucidate the effect of boron pre- 
treatment on combustion behavior of CWPC. 
Wood specimens sized as for the decay test 
were impregnated with the 2.00% solution of 
BA before in situ polymerization of vinyl 
monomers. Dry CWPC was then ground into 
a fine powder for thermal analysis. Thermo- 
gravimetry is a technique whereby a sample is 
continuously weighed as it is heated at a con- 
stant, preferably linear rate. In the present 
study, sample temperature at 10°C/min heating 
rate was measured every 0.5 s relative to the 
reference chemical A120,. Temperature and 
the differences in heat flow (pv) were record- 
ed as a function of furnace temperature ac- 
cording to the principles explained by Wesley 
(1964). Aluminum is used as a sample pan. 
These analyses were conducted at the Thermal 
Analysis Station 100 (TAS loo), Rigaku Com- 
pany, at the Industrial Technology Center of 
Wakayama Prefecture (Japan). 
RESULTS AND DISCUSSION 
Weight gain (WG) and dimensional 
stability of CWPC 
The weight gain of CWPC due to monomer 
loading is given in related tables in the follow- 
ing sections. Dimensional stability of CWPC 
in relation to the obtained WPG levels and fix- 
ation mechanism of compressive deformation 
by the CWPC process have been discussed 
elsewhere (Yalinkilic et al. 1998a). Compres- 
sion of monomer-treated wood successfully 
stabilized the dimensions and reduced mono- 
mer consumption consistent with the earlier 
premise. 
Weight gain due to BA impregnation of 
CWPC was 3.54% and 7.0% for treatments 
conducted with 1.0 and 2.0% aqueous solu- 
tions, respectively. 
Decay resistance 
Mass loss of CWPC after expcsure to the 
two decay test fungi is presented in Table 1. 
CWPC exhibited considerable resistance to 
both the decay fungi representing brown- and 
white-rot fungi. The good decay resistance ob- 
tained with the CWPC at about half the level 
of monomer loading of WPC suggested that 
the amount of monomer in the cell lumen is 
of minor importance in terms of decay resis- 
tance. Therefore, further reduction of mono- 
mer load located in the lumen can be tried. 
Boric acid pretreatment imparted further resis- 
tance to CWPC so that it became totally re- 
sistant to the test fungi. These results are con- 
sistent with the high level of decay resistance 
of BA-pretreated WPC obtained with the same 
monomers (Yalinkilic et al. 1998b). The re- 
markably good decay resistance of CWPC 
even without BA-pretreatment can be ex- 
plained by its high moisture exclusion effi- 
ciency (MEE) value acquired by effective in 
situ polymerization of the monomers under 
hot-compression. This in situ treatment kept 
the water-holding capacity (WHC) below 
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T A B L ~  1. Mt1.s.) Io~.s  1evel.s of W P C  crnd CWPC obtained with vinyl nrorromer styrene (ST)  and methvlmetacrylute 
( M M A J  trt 90°C trnd 50% conzpression set qfier exposure to decay te.st,fungi for 12 weeks. 
Munomcr I o , ~  7\.rr>,nwcc prrltt~r,-ic Cr~riolus rrrricolor 
T ~ c a t ~ n e n t  I'X KIWI mean + S D  mean ? S D  
Untreated-Not compressed 
Untreated-Compressed 
ST-Not compressed 
ST-Compressed 
MMA-Not compressed 
MMA-compressed 
ST+MMA-Not compressed 
ST+MMA-Compressed 
BA-ST-Comprenscd 
BA-MMA-Compressed 
BA-(ST+ MMA)-Compressed 
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.it the 95% ionhdrncr level SD: Standard devlr t~on BA.  Boric dcsd: wetght galn of wood due to HA pretreatment wah 3.548 (wlw)  
lo%, as reported previously by Yalinkilic et 
al. (1998a). An effective way to control decay 
is to keep the moisture content of wood at less 
than 20% (Cassens et al. 1995), since poly- 
merized vinyl monomers have no toxic effect 
on fungi (Lutomsky 1975; Ibach and Rowel1 
1995; Yalinkilic et al. 1998b). Therefore, 
CWPC is degraded by fungi to a lesser extent 
than WPC. The ST, MMA and their mixture 
were similar in protection efficacy against 
white-rot fungus Coriolus versicolor, whereas 
WPC made of MMA and ST+MMA were sig- 
nificantly more susceptible to the brown-rot 
fungus Tyromyces pu1ustri.s degradation than 
WPC obtained with ST alone and CWPC 
types (Table 1). Excess monomer locates in 
the cell lumen and offers limited contribution 
to decay resistance of wood by reducing water 
uptake of WPC (Fruno 1991 ; Imamura et al. 
1998). That fungal degradation occurs in 
CWPC obtained with MMA without BA pre- 
treatment proves the vital role of boron in de- 
cay resistance. 
Termite resistance 
Mass loss of CWPC with and without BA- 
pretreatment and mortality levels of termites 
after termite attacks are given in Tables 2 and 
3. Mass loss of CWPC caused by termites was 
neglible regardless of BA-pretreatment, which 
denotes effective in situ polymerization. How- 
ever, more than 50% of termite workers were 
still active after 3 weeks. Exposure of pure 
polymer in the starvation test resulted in quite 
similar levels (Table 3) and agreed with earlier 
results with the same termite species (Yusuf 
1996; Table 2), suggesting that the monomers 
used became nontoxic in wood when poly- 
merized (Yalinkilic et al. 1998b). Simply put, 
the mode of action of these vinyl polymers 
appeared to be the establishment of a physical 
barrier between the wood and termites. As 
long as the polymer covers the cell walls or 
stands as a barrier, CWPC is a safe product in 
terms of termite attack. Additionally, BA-pre- 
treatment can totally prevent termite activity 
(Table 3). The apparent advantage of CWPC 
over WPC is total protection of wood against 
termites at much lower monomer loads. Sev- 
enty percent compression of wood further re- 
duced monomer loading and had no adverse 
effect on termite resistance. The limited mass 
losses of BA-pretreated CWPC recorded were 
due to superficial nibbles of termites observed 
on the specimens' surfaces. No bore holes in 
the wood were detected. In situ polymerization 
of ST alone or the ST+MMA mixture im- 
proved resistance relative to MMA alone in 
terms of mass loss levels (Table 2). The neg- 
ligible degree of mass loss, even for BA-pre- 
TABLE 2. Mclss loss of CWPC c,uused 0~ termite uttack a j e r  a 3 - w e k  exposure period 
Mas, ICIS, 
Monomer 
Comprc\\ton Puiy m l o ~ d  Mean g %. wlw 
Tcratrncnt \et ( % )  telnn ('C) (I% W/W) Mean ? S D  Mean ? S D  
Polyrner only 
( S T + M M A j  
Untreated-Not leached 
Bonc d c ~ d  (BA)-Not 
leached 
Boric acld (BA)- 
Leached 
S T  
ST 
MMA 
MMA 
ST +MMA 
ST+MMA 
B A-ST 
BA ST 
BA-ST 
BA S T  
BA-ST 
BA-MMA 
BA-MMA 
RA-MMA 
RA-MMA 
BA-MMA 
BA-(ST+MMA) 
BA-(ST+MMA) 
RA-(ST+MMAj 
BA-(ST+MMA) 
BA-(STIMMA) 
Ucrrr NC Not compres\ed. For other ; ~ b h r e u ~ ; i t ~ ~ ) n r  refer to Table I 
treated CWPC supports the fact that BA acts 
as a poison in the stomach of termites after 
digestion of wood (Yalinlulic et al. 1996, 
1997b, 1998~;  Su et al. 1997a; Williams et al. 
1990). Consequently, vinyl monomers exhib- 
ited only a physical protection of wood from 
excess termite attack because degraded small 
pieces of BA pretreated CWPC kill the ter- 
mites. 
Mechanical properties 
Surjiuce hardness.-Brine11 hardness values 
for CWPC, WPC, and untreated compressed 
wood are given in Table 4. CWPC was supe- 
rior to WPC even at almost half the level of 
monomer loading. CWPC obtained with ST 
alone and STfMMA had significantly higher 
surface hardness after polymerization at 9WC 
followed by the same treatments applied at 
60°C. WPC obtained by ST or STSMMA also 
yielded significantly higher surface hardness 
than untreated compressed wood. MMA im- 
parted less hardness to wood than ST or 
ST+MMA, regardless of compression. How- 
ever, contrary to the other treatments, in situ 
polymerization of MMA at 60°C under com- 
pression improved hardness. Taking the above 
results into account, we postulate that MMA 
is more appropriate than ST when VAZO is 
used as a catalyst. Since the hardness of wood 
is defined as resistance to indentation (Brown 
et al. 1952) and is closely related to crushing 
and shearing strength (Kollman and CBtC 
1968), CWPC that acquired more than two 
times the surface hardness of WPC at even 
lower monomer loads should compete in the 
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T ~ f j ~ h  3. Tc'171zita ~norttrlity (TM)  1e1~el.s over tlzr ?-week exposure period. 
I'c,lym Mono~ne!  T M  (%) 
C'omprc \ r~o~r  temp load - 
Trei1t17ir1it Wt 1% J 1°C) mlml I \ t  meek 2nd week 3rd week 
Starvation (with no specimen) 
Polymer only (ST+MMA) 
LJntrcatcd-Not leached 
Boric acid (BA)-Not leached 
Boric acid (RA)-Leached 
ST 
S T  
MMA 
MMA 
ST+MMA 
ST+MMA 
HA-ST 
BA-ST 
HA-ST 
BA-ST 
RA-ST 
HA-MMA 
HA-MMA 
HA-MMA 
RA-MMA 
HA-MMA 
BA-(ST-MMA) 
R A - ( S T t M M A )  
HA-(ST+MMA) 
BA-(STt MMA) 
BA-(ST+MMA) 
TARI F 3. BI-irzc,ll 11trrdnc.ss of CWPC at 50% co~npression set and WPC obtained by vinvl polynierization with and 
rt.ithout boric tic.ici (BA)  pratrc~utr~zmr. 
Polyrncl- SC 
load 1%. x l w )  (g/cm') Hardnew (MPa)  
~ T I C ~ I I  (neiin mean ? SD 
Ilntreated-Not con~pressed 
Untreatctl-Comprcsscd at 9O"C 
IJntrcatcd-Compressed at 60°C 
ST-Not compre\sed 
S7r-Cornpressed at 90°C 
ST-Compressed at 60°C 
MMA-Not compressed 
MMA-Compressed at 90°C 
MMA-Compressed at 60°C 
ST+MMA-Not compressed 
ST+MMA-Compressed at 9O"C 
ST+MMA-compressed at 60°C 
BA-(ST+MMA)-Not compressed 
HA-(ST+MMA)-Compressed at 9O"C 
HA-(ST+MMA)-Compressed at 60°C 
SG S p e i ~ t ~ c  pt.il\lty N o t r  Prrr ahhreviatinn\ rrter to preblott\ tahles 
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TAULL 5 .  M o d u l ~ s  qf elasticity (MOE) trrld modulus of rupture (MOR) of pre- or post-compressed CWPC irz c.orn- 
ptiri.cor~ ~.i t l t  untrc~uted-com~?res~ed wood (rrld WPC. 
Monomer 
Pr,l> m load S (; MOE MOR 
o p e  temp i V  wlw)  (gicm') 10' kgicrn' kF/crn2 
T!t.;ltmr.nl 5et ('76) it,[' 1 lnean medll mean 5 SD lllean + SD 
Control 
Control 
Control 
Control 
BA-imp. control 
B A - ~ m p .  control 
BA-imp. control 
Ordinary WPC 
S T  
M M A  
S T + M M A  
Pre-compressed C W P C  
S T  
M M A  
S T + M M A  
Posl-compressed CWPC 
S T  
ST 
S T  
MMA 
MMA 
MMA 
S T + M M A  
S T + M M A  
S T + M M A  
BA-pretreated C W P C  
BA-(ST+MMA) 
BA-(ST+MMA) 
market as an alternative material for condi- 
tions where hard surfaces are required. 
mation at 180°C and min 10 kg/cm2 water va- 
por pressure in a closed system cause severe 
strength losses without any chemical treatment 
involved (Dwianto 1996; Dwianto et al. 1997). 
Wood with WPC treatment, on the other 
hand, gained some bending strength, but re- 
mained similar to control specimens in elastic 
properties (Table 5). Compression of wood 
prior to monomer impregnation also did not 
improve elasticity, though it did improve the 
bending strength. Both moduli, however, were 
significantly improved by CWPC applied as in 
situ polymerization of monomers during hot- 
compression of wood (postcompressed 
CWPC) at 90°C in particular (Table 5). Re- 
Modulus of elasticity (MOE) and 
modulus of rupture (MOR) 
The MOE and MOR results are given in 
Table 5. The compression process itself re- 
sulted in approximately a twofold increase in 
both modulus levels. Considering the almost 
total recovery of compression when the wood 
contacts water (Yalinlulic et al. 1998a), re- 
corded improvements in MOE and MOR by 
compression only are of no practical impor- 
tance. Moreover, higher temperatures required 
for permanent fixation of compressive defor- 
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TABLE 6. Sutnrnaty of the clzanges in properties of Japanese cedar due to chernical modijcation and compression. 
Chanre 
Compre\\ed LVL 
CWPr  (51 + M M A )  TWPC' ( S T + M M A )  WPC ( S T + M M A )  SIX pl) 
hO"C 90°C 90°C 140°C 
- 
Brine11 hardness 1.21 +2,141.8 1.28 +2,340.5 1.26 +1.020.2 1.05 +800.0 
MOR 1.09 +226.4 I .00 +244.5 1.26 +38.8 1.05 +257.1 
1.14 +343.2 
MOE 1.09 + I  19.7 1.00 + 126.2 1.26 +12.2 1.05 + 142.9 
1.14 t 2 2  1.7 
Note. For abhrevlatlon, refel to pl-ewou\ table, 
sultant MOR levels of CWPC (1966 to 2933 
kg/cm2) were about 3 to 4 times higher than 
that of untreated control (662 kg/cm2). MOE 
levels of CWPC (137,000 to 244,000 kg/cm2) 
were about 2 to 3 times higher than those of 
untreated control specimens (72,000 kg/cm2). 
They were also significantly higher than those 
of precompressed CWPC and WPC. 
MOE is a measure of the stiffness of a ma- 
terial, while MOR has proved to be a more 
reliable measure of strength than stress at the 
proportional limit. This is due largely to the 
fact that the maximum load can be determined 
more precisely than the proportional limit. 
Also, MOR may be more constant since it is 
less affected by previous loads applied or by 
the conditions imposed in testing. Thus the 
importance of MOR is that it expresses the 
greatest load the wood will carry (Brown et 
al. 1952). The superiority of CWPC to WPC 
becomes apparent on referral to both moduli 
levels (Table 5). Thus the CWPC process did 
not only overcome the dimensional instability 
problem of wood (Yalinkilic et al. 1998a), but 
it also imparted significantly improved bend- 
ing strength, elasticity, and surface hardness. 
BA-pretreatment of CWPC had no significant 
effect on mechanical properties. 
In order to provide a better understanding 
of the mechanical performance of CWI'C, a 
summary of the percent change in hardness, 
MOR, and MOE resulting from WPC and 
CWPC is shown in Table 6.  Some mechanical 
properties of a phenolic resin-treated com- 
pressed laminated veneer lumber (LVL) were 
also included in the table as an example for 
comparison to Compreg. It was obtained from 
the sapwood of the same wood species at sim- 
ilar density levels and the same compression 
set (Kawai et al. 1991). Treated veneers of 
Japanese cedar were made into high density 
parallel-laminated panels without applying 
bonding resin between the plies because suf- 
ficient resin is exuded from the plies under 
compression at 150°C to give a good bond. 
CWPC has higher hardness than all other 
cited products at similar specific gravity lev- 
els. Increased density resulted in significant 
improvement of MOR and MOR of CWPC. 
Therefore, high compression set can prefera- 
bly be applied at much lower monomer loads 
so that the cell-wall structure is not destroyed. 
CWPC is also expected to have higher im- 
pact resistance owing to the remarkably low 
process temperature (60 to 90°C) on account 
of the high toughness values of WPC (Meyer 
1984). Therefore, the low toughness or high 
brittleness, which are the main disadvantages 
of Compreg (Kollman and CGtC 1968), 
seemed to be improved by this newly intro- 
duced CWPC process, though that needs to be 
studied further. Natural color of CWPC is also 
worth noting. 
Thermal properties 
Results of the thermal analysis are given in 
Table 7 and Figs. 1-3. BA played an important 
role in reducing exothermic reaction temper- 
atures and magnitudes for CWPC. Moreover, 
TG residues of BA-pretreated CWPC were 
significantly higher than those of monomer- 
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TABI.F 7 .  Thermal unulysis results of CWPC obtained at 
50% cornpression set and 90°C with or wiil~our boric ucid 
(BA j prrtrentment. 
WPG ot wood due to 
TG r e l d u e  
Treatment BA load Monomer load C/o 
Untreated - - 6.7 
ST - 80.7 4.6 
BA-ST 7.0 77.3 20.0 
MMA - 85.3 5.4 
BA-MMA 7.0 83.6 11.1 
ST+MMA - 69.8 0.0 
BA-(ST+MMA) 7.0 67.0 11.2 
Note: Tti rs51due Residual ma\ \  aRcr uombust~on of te\t \ample, calculated 
h a d  on the ortglnal *ample we~ght .  For other a b h r r v ~ a t ~ o n \  ~ e f e r  to prevlou\ 
t,lhlr\ 
only treated wood, demonstrating the protec- 
tive effect of BA in combustion. These find- 
ings are consistent with earlier reports on the 
oxygen index and thermal properties of un- 
treated, boron-treated, and BA-vinyl monomer 
combination-treated wood without compres- 
sion (Su 1997b; Yalinkilic et al. 1997c, 
1998b). It is worth noting that solution con- 
centrations are usually at least 13%, compared 
with about 3% for preservatives; the amount 
of salt retained in a given volume of wood is 
usually 5-10 times higher than that for wood 
preservatives (Wilkinson 1979). Therefore, the 
achievement of lower peaks and magnitudes, 
and the increased residual mass contents on 
100 200 300 400 500 
Temperature gC 
FIG. I. Thermogravimetric curves of CWPC obtained 
with styrene (ST) in situ polymerized at 90°C and 50% 
dry set with and without boric acid (BA) pretreatment. 
TG (Thermogravimetry): Gravimetrical changes in sample 
wcight during heating at 10°C per min. DTA (Differential 
thermal analysis): Peak temperature of exo~hermic reac- 
tions under heat flow. For other abbreviations refer to the 
tables. 
100 200 300 400 500 
Temperature PC 
FIG. 2. Thermogravimetric curves of CWPC obtained 
with niethylmetacrylate (MMA) in situ polymerized at 
90°C and 50% dry set with and without boric acid (BA) 
pretreatment. For other abbreviations refer to Fig. 1 and 
the tables. 
exothermic reactions in combustion of CWPC 
containing little BA (7%, wlw) suggest further 
improvements with flame-retardant boron 
compounds at higher loads. 
Absence of TG residue of the CWPC ob- 
tained with ST+MMA as compared to that 
from individual treatments was probably due 
to the presence of more polymer in the sarn- 
pled part of the specimens. 
CONCLUSIONS 
The biological, mechanical, and thermal re- 
sistance of compressed wood polymer com- 
posite (CWPC) obtained by in situ polymeri- 
zation of styrene (ST), methylmethacrylate 
DTA 
100 200 300 400 500 
Temperature 'C 
FIG. 3. Thermogravimetric curves of CWPC obtained 
with styrene and methylmethacrylate combination 
(ST+MMA, 50:50, v/v) in situ polymerized at 90°C and 
50% dry set with and without boric acid (BA) pretreat- 
ment. For other abbreviations refer to the tables. 
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(MMA), and their combination (50:50, vlv) 
during hot-compression was tested. Results 
showed that boric acid pretreated CWPC has 
very good resistance to biological degradation. 
The amount of boron remaining even after 10 
cycles of severe weathering was sufficient to 
protect the CWPC against decay fungi Tyro- 
rnyces palustris and Coriolus versicolor, rep- 
resenting brown- and white-rot fungi, respec- 
tively, and against the even more destructive 
termite Coptoterrnes forrnosanus. In addition 
to biological performance, mechanical prop- 
erties, such as surface hardness, MOEJ, and 
MOR, of CWPC were significantly improved 
compared with ordinary WPC and phenolic 
resin-treated compressed laminated veneer 
lumber (Compreg). The problem OF low 
toughness or high brittleness of Compreg is 
likely to be alleviated by this newly introduced 
CWPC process, owing to the remarkably low 
process temperature (60 to 90°C) and improve- 
ment of these properties by WPC process. 
This will be studied further. BA-pretreatment 
of CWPC remarkably improved the combus- 
tion resistance. 
In conclusion, CWPC is an alternative 
structural material for exterior use wherc high 
physical, biological resistance, thermal and 
mechanical properties are required. A number 
of monomers can potentially be applied to ob- 
tain new CWPC products. Studies of grafting 
of vinyl monomers onto wood cell-wall com- 
ponents and copolymerization practices are 
under way in association with the CWPC pro- 
cess, in order to diversify and improve the 
quality of the end product. 
ACKNOWLEDGMENTS 
The authors are grateful to Mr. Wahyu 
Dwianto, Dr. Sulaeman Yusuf, Dr. Shinjiro 
Takino, Dr. Masafumi Inoue, Mr. Takeshi Ka- 
jimoto, Mr. Akio Adachi, and Hiroki Nemoto 
for their lund contributions during the study. 
REFERENCES 
BROWN. H.  P.. A. J. PANSHIN, A N D  C. C. F~RSAITH.  1952. 
Tcxthook of wood technology, vol. 11. The physical, me- 
chanical, and chemical properties of the commercial 
woods of the United Slates, 1st ed. McGraw-Hill Book 
Company, Inc., New York, NY. 783 pp. 
CASSENS, I). L., W. C. FEIST, B. R. JOHNSON, A N D  R. C. 
DEGROOT. 1995. Selection and use of preservative-treat- 
ed wood. Forest Products Society Publication No. 7299. 
104 pp. 
DWIANTO, W. 1996. Mechanism of permanent fixation of 
compressive deformation of wood by heat or steam 
treatment. M.Sc. thesis, Wood Research Institute, Kyoto 
University, Kyoto, Japan. 96 pp. 
, M. INOUE, AND M. NORIMOTO. 1997. Fixation of 
compressive deformation of wood by heat treatment. 
Mokuzai Gakkaishi 43(4):303-309. 
FRUNO, T. 1976. Studies on the polymer location in WPC 
(wood polymer composite). Bulletin of the Shimane 
University Forests No. 4, Matsue, Japan. 113 pp. 
. 1991. The role of wall polymer in the dimen- 
sional stability and decay durability of wood-polymer 
composite (WPC'). Proc. Int. Symp. on Chemical Mod- 
ification of Wood, Kyoto, Japan. Pp. 160-165. 
IBACH, R. E.. A N D  R. M. ROWELL. 1995. Low polymer 
levels containing bioactive monomer polymerized in 
situ provide resistance to Gloephyllum trubeunl. The In- 
ternational Research Group on Wood Preservation, 
Document No. IRGlWP 95-30066. 17 pp. 
IMAMURA, Y., M. TAKAHASHI, J. Y. RYU, A N D  H. KAJITA. 
1998. Distribution of polymers in cell walls and their 
effect on the decay resistance of wood-plastic compos- 
ite. Biocontrol Science 3(2): 109-1 12. 
JIS Z 21 17. 1977. Surface hardness of wood. Japan In- 
dustrial Standard (JIS), Japanese Standards Association, 
Tokyo, Japan. 
JIS A 9201. 1991. Qualitative standards and testing meth- 
ods of wood preservatives. Japanese Industrial Standard 
(JIS), Japanese Standards Association, Tokyo, Japan. 
JWPA 1 1 - 1  1992. Effectivenesc of wood protecting chem- 
icals applied by spraying, coating, and diffusion treat- 
ments against termites. 1. Laboratory testing method. 
Japanese Wood Preserving Association (JWPA) Stan- 
dard. 
KAWAI, S., H .  SASAKI, H. INUI, A N D  K. NAKATA. 1991. 
Phenolic resin-treated compressed lan~inated veneer 
lumber. Proc. Int. Symp. on Chemical Modification of 
Wood, Kyoto, Japan. Pp. 1 18-1 23. 
KOLLMANN, F. E P.. A N D  W. A. C ~ T E .  1968. Principles of 
wood science and technology I. Solid wood. Springer- 
Verlag, Berlin and Heidelberg, Germany. 592 pp. 
LANGWIG, J. E., J. A. MEYER, A N D  R. W. DAVIDSON. 1969. 
New monomers used in making wood-plastics. Forest 
Prod. J. 19(1 1):57-61. 
LUTOMSKY, K. 1975. Resistance of beech wood modified 
with styrene, methylmetacrylate, and diisocyanate 
against the action of fungi. Mater. Org. 10(4):255-262. 
MEYER, J. A. 1981. Wood-polymer materials: State of the 
art. Wood Science 14(29):49-54. 
. 1984. Wood-polymer materials. Pages 257-289 
Y~rlrnkrlrc rt ~1.-PROPERTIES OF BORIC ACID TR 
in R. M. Rowell, ed. The chemistry of solid wood, Ad- 
vance in Chemistry Series, American Chem. Society, 
207. 
R~WEI.L, R. M. 1983. Bioactive polymer-wo~)d compos- 
ites. Pages 347-357 in T. J.  Roseman and S .  Z. Mans- 
dorf, eds. Controlled release delivery system. Marcel 
Dckker. Inc., New York, NY and Basel, Switzerland. 
, A N D  W. B. BANKS. 1985. Water repellency and 
dimensional stability of wood. USDA. Forest Serv., 
Forest Prod. Lab., General Technical Report FPL-50. 
, R. MOISUK, AND J. A. MEYER. 1982. Wood poly- 
mer composites: Cell wall grafting with alkyiene oxides 
and lumen treatments with methylrnetacrylate. Wood 
Science 15(2):90-96. 
STAMM, A. J., A N D  R. M. SERORC;. 195 1 .  Resin-treated lam- 
inated compressed wood-Compreg. USDA, Forest 
Serv. Forest Prod. Lab., General Technical Report FPL- 
1381. 
STATGRAPHICS. 1985-199 1. Statistical graphics system. 
Version 5. Statistical Graphics Corporation. USA. 
SIT, W.-Y., M. K. YALINKILIC, T. HATA, Y. IM,\MURA, ND 
S. ISHIHARA. 1997a. Enhancement ol' leach and termite 
resistance of plywood treated with boric compounds. 
Mokuzai Gakkaishi 43(7):595-60 1. 
SII,  W.-Y. 1997b. Development of fire retardant wood 
composites using boron compounds and then evaluation 
methods. Ph.D. thesis, Wood Research Institute, Kyoto 
University, Kyoto, Japan. 126 pp. 
SUBRAMANIAN, R. V., J. A. MENDOLA, A N D  1%. K. GARG. 
198 1 a. Wood prescrvation by organotin polymers 1. In 
situ polymerization of organotin monomers. Holzfor- 
schung 35(5):253-259. 
-- , AND  . 1981b. Wood preservation 
by organotin polymers 11. Improvements in strength and 
decay resistance. Holzforschung 35(6):263--272. 
WESLEY, W. M. W. 1964. Thermal methods of analysis, 
vol. 19. Interscience Publishers, New York, NY. 424 pp. 
WILKINSON, J. G. 1979. Industrial timber preservation. The 
Rentokil Library, Associated Business Press, London, 
UK. 532 pp. 
WII.LIAMS, L. H., T. L. AMBURGEY, AND B. R. PARRESOL. 
1990. Toxic thresholds of tree borates and percent wood 
weight losses for two subterranean termite species when 
feeding on treated wood. Proc. First Int. Conf. on Wood 
Protection with Diffusible Preservatives, Nashville, TN. 
Pp. 129-133. 
YALINKILIC, M. K., S. YUSUF, T. YOSHIMIJRA, M. TAKA- 
HASHI, AND K. TSUNODA. 1996. Effect of vapor phase 
formalization of boric acid treated wood on boron 
leachability and biological resistance. Proc. Third Pa- 
cific Bio-Based Composite Symp., Kyoto, Japan. Pp. 
544-55 1. 
, M. TAKAHASHI, AND U. C. YILDIZ. 1997a. Biolog- 
ical resistance of wood treated with boron-vinyl mono- 
mers. Proc. XI. World Forestry Congress, Antalya, Tur- 
key. Vol. 4(E):48. 
, S. YUSUF, T. YOSHIMURA, W.-Y. SU, K. TSUNODA, 
AND M. TAKAHASHI. 1997b. Incorporation of phenylbo- 
ronic acid treatment with vapor phase ibrmalization. 
The International Research Group on Wood Prescrva- 
tion, Document No. IRGlWP 97-40077. 18 pp. 
, W.-Y. SU, Z. DEMIRCI, E. BAYSAI-, M. TAKAHASHI, 
A N D  S. ISHIHARA. 1997~ .  Oxygen index levels and ther- 
mal analysis of wood treated with melamine formalde- 
hyde-boron combinations. International Research Group 
on Wood Preservation, Document No. I R G N P  97- 
30135. 14 pp. 
, W. DWIANTO, Y. IMAMURA, ND M. TAKAHASHI. 
1998a. A new process for in situ polymerization of vi- 
nyl monomers in wood to delay boron leaching. Inter- 
national Research Group on Wood Preservation, Doc- 
ulnent No. I R G N P  98-401 10. 16 pp. 
, K. TSUNODA, M. TAKAHASHI, E. 11. GEZER, W. 
DWIANTO, AND H. NEMOTO. 1998b. Enhancement of bi- 
ological and physical properties of wood by boric acid- 
vinyl monomer combination treatment. Ilolzforschung 
52 (6):667-672. 
, T. YOSHIMURA, A N D  M. TAKAHASFI. 1998~ .  En- 
hancement of biological resistance of wood by phen- 
ylboronic acid treatment. J. Wood Sci. 44(2): 152-157. 
Y u s u ~ ,  S. 1996. Properties enhancement of wood by 
cross-linking formation and i t ' ~  application to the re- 
constituted wood products. Ph.D. thesis, Wood Re- 
search Institute, Kyoto University, Kyoto, Japan. 127 
PP. 
